Background
==========

Dimethyl sulfoxide (DMSO) is one of the most commonly used cryogenic protectants at present. Biological tissues and cells can be effectively vitrified when soaked with 10% DMSO. In recent years, DMSO has been widely used as a cryoprotectant for cryopreservation of various tissues and organs of animals and plants. For example, DMSO is used for cryopreservation of pig oocytes and embryos, mouse testes and ovaries, and sperm of various fish and other animals. At present, DMSO is also applied to human skin \[[@b1-medscimonit-25-7908]\], mesenchymal stem cells \[[@b2-medscimonit-25-7908]\], human chondrocytes \[[@b3-medscimonit-25-7908],[@b4-medscimonit-25-7908]\], fatty liver cells \[[@b5-medscimonit-25-7908]\], and articular cartilage \[[@b6-medscimonit-25-7908]\]. Thus, it can be effective in reducing the damage of cryopreservation and restoring most of the physiological activity after rewarming for biological tissues. However, it is unsatisfactory to preserve various types of large composite tissues when using the same method (10% DMSO) \[[@b7-medscimonit-25-7908]\]. In the Wang Xiao-tong study \[[@b8-medscimonit-25-7908]\], 18 human ovarian tissues were processed by resection, and slicing and freezing the tissues (each piece was 18×10×1 mm). The experiment was divided into 3 groups: 1) vitrification group, 2) programmed frozen group, and 3) fresh control group. The results showed that vitrification had certain advantages in preserving ovarian interstitial cells, thus suggesting that vitrification of large ovarian tissue in the human body is feasible.

Kim \[[@b9-medscimonit-25-7908]\] assessment of long-term endocrine function after transplantation of frozen-thawed human ovarian tissue to the heterotopic site through 10-year longitudinal follow-up study. their study showed that long-term endocrine function lasting for 7 years can be established with heterotopic transplantation of cryobanked human ovarian tissue-thin slices (5×5×1 mm). However, it is unknown whether large complex tissue has the effective protective agent concentration required to achieve cell vitrification like a single tissue or cell, especially when whole immersing or arterial infusing after in DMSO.

Therefore, in this study, we will quantitatively evaluate the concentration of DMSO in whole immersion and arterial infusion of bulk composite tissues, and to explore the optimal preservation conditions of DMSO for large composite tissues.

Material and Methods
====================

Disconnect of rabbit hind-limbs model
-------------------------------------

Fifty healthy New Zealand white rabbits, weighing 2.5 to 3.0 kg, were provided by Beijing Agricultural College; the animal license number of SYXK (Jing) 2015-0004. Healthy adult New Zealand white rabbits were sacrificed by ear vein air embolization. The rabbit hind limbs were removed from the hips, and thus we obtained the hind-limb amputation model. This study was examined and approved by our unit's animal ethics experiment. In this study, a composite tissue sample was defined as a diameter greater than 1.5 cm and intact skin was defined as a large composite tissue.

Study procedure
---------------

### Minimum effective perfusion time

Sixteen rabbits from a hind-limb amputation model were randomly divided into a 10% v/v perfusion group (A1 group) and a 20% v/v perfusion group (A2 group), with 8 rabbits in each group. The microdialysis probes were pre-placed in the model muscle tissue and perfused continuously through the femoral artery with 10% v/v and 20% v/v concentrations of DMSO, respective. And then, the samples were taken at 1, 3, 5, 10, 20, 30, 40, and 50 minutes. The exact concentration of dialyzed DMSO was measured using a freezing point osmometer, and the time-concentration curve was plotted to compare the characteristics of these 2 perfusion groups.

### The arterial infusion groups

The other 16 rabbits were randomly divided into a 10% v/v vascular perfusion group (B1 group) and a 20% v/v vascular perfusion group (B2 group), with 8 rabbits in each group. After continuous infusion of 10% v/v DMSO through the femoral artery for 30 minutes in group B1, MRS was used to detect the peak area under the perivascular, intramuscular, and subcutaneous DMSO areas in the isolated hind-limb model of the rabbit. The B2 group was continuously perfused with 20%v/v concentration of DMSO into the femoral artery. After 20 minutes, MRS was used to detect the peak area under the curve of DMSO concentration after vascular perfusion of the perivascular, intramuscular, and subcutaneous areas in the isolated hind-limb model. Test results were used to compare the different tissue sites in these 2 DMSO concentration vascular perfusion groups.

### The whole immersion groups

Eighteen rabbits were randomly divided into a 50% v/v soaking group (C1 group), a 35% v/v group (C2 group), and a 20% v/v group (C3 group), with 6 rabbits in each group. The disconnected of skin in the hind-limb models was reserved sufficiently in the closed section. Each sample was immersed in a 50% v/v, a 35% v/v, and a 20% v/v concentration of DMSO for 30 minutes at room temperature. And then, MRS was used to detect perivascular, intramuscular, and subcutaneous areas in each sample model. The area under the peak of DMSO was compared between different distribution groups of model tissues.

### Cryoprotectant DMSO

Dimethyl sulfoxide \[DMSO, D4540, 99.5% (GC), cell grade, 100 mL: Sigma-Aldrich, Munich, Germany\] was diluted with physiological saline to the desired of volume fraction concentration.

### Microdialysis and freezing point osmometer

Microdialysis is a sampling technique of biochemical extracellular used to detected liquid biochemical, and it is often used in clinical research, drug testing, and new drug development \[[@b10-medscimonit-25-7908]\]. The characteristics of microdialysis is screening out the soluble molecules of the local intercellular substance by using a semi-permeable membrane at the tip of the probe, and continuous detection sample at different times \[[@b11-medscimonit-25-7908]\]. Previous studies have confirmed that microdialysis can obtain a stable relative recovery (RR, the ratio of sample concentration to actual concentration) of DMSO and can be used to measure the average recovery under the study condition \[[@b12-medscimonit-25-7908]\].

The principle of freezing point osmometer is to use a linear relationship between the osmolality of the solution and the drop in the freezing point temperature to detect the molar concentration of the solution permeation, thereby accurately obtaining the concentration of the solute in the solution. Previous studies have found that microdialysis can be used in conjunction with a freezing point osmometer to quantitatively detect the concentration of a target at the microdialysis tube \[[@b13-medscimonit-25-7908]\].

### Nuclear magnetic resonance spectroscopy (MRS)

Studies have shown that different compounds produced different resonance frequencies in the magnetic field, and a chemical shift occurs. According to this principle, MRS can distinguish different compounds in the frequency axis, and use chemical shift and J-coupling to convert the acquired information into a spectrum, the horizontal axis represents the chemical shift, and the vertical axis peak represents the signal intensity, while the peak of the spectrum The area is proportional to the concentration of the species that produces the peak, which is the basis for structural inference and quantitative analysis of the corresponding compounds by MRS \[[@b14-medscimonit-25-7908]\]. Although MRS cannot be continuously measured the concentration of the compound, it has the following characteristics: completely non-invasive, accurate positioning, high sensitivity, and quantitative analysis of tissue metabolic changes at the molecular level by imaging technology \[[@b15-medscimonit-25-7908]\].

We used the US BRUKER 7.0T (Pharma Scan 70/16 US) superconducting magnetic resonance imaging (MRI) system and its own orthogonal coil for small animal detection. The previous experiments proved that DMSO resonates *in vitro* and *in vivo* in the rabbit hind-limb model. The frequency and the chemical shift are about in the region of 2.6. The MRI plain image can accurately locate and measure the DMSO signal peaks in the subcutaneous and muscle vessels and calculate the area under the peak ([Figure 1](#f1-medscimonit-25-7908){ref-type="fig"}).

Statistical analysis
--------------------

SPSS 20.0 (IBM) and GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA) were used to analysis, and mapping of data. All data in this study were expressed as mean ± standard deviation (mean ±SD). Two-sided Student's *t*-test was performed using the same software package. *P* values \<0.05 were considered significant.

Results
=======

Minimum effective perfusion time
--------------------------------

The A1 group was perfused with DMSO at 10% concentration, and the intramuscular DMSO concentration gradually increased and stabilized at 5% after about 30 minutes. The A2 group was perfused with 20% DMSO concentration, and the intramuscular DMSO concentration gradually increased and stabilized at about 12% after about 20 minutes. The DMSO concentration curves of the two groups at the different time showed [Figure 2](#f2-medscimonit-25-7908){ref-type="fig"}.

The arterial infusion groups
----------------------------

The other 16 rabbits were randomly divided into a 10% v/v vascular perfusion group (B1 group) and a 20% v/v vascular perfusion group (B2 group), with 8 rabbits in each group. There was a statistically significant difference of DMSO concentration at different sites (vascular, perivascular, and subcutaneous) between the 10% perfusion group and 20% perfusion group after vascular perfusion (All *P* values were \<0.05), more details shown in [Figure 3](#f3-medscimonit-25-7908){ref-type="fig"}.

The whole immersing groups
--------------------------

Eighteen rabbits were randomly divided into a 50% v/v soaking group (C1 group), a 35% v/v group (C2 group), and a 20% v/v group (C3 group), with 6 rabbits in each group. In the macro-tissue immersion of different concentration of DMSO groups, we didn't detect DMSO peaks in the muscles and the blood vessels. The 20% DMSO vascular perfusion group and the different concentration of DMSO in large tissue soaking groups were statistically different (*P*\<0.05). However, there was a significant difference between the 20% v/v vascular perfusion group and the 35% immersion group and the 20% immersion group, but not the 50% immersion group (*P*=0.001, *P*=0.001, and *P*=0.196), more details shown in [Figure 4](#f4-medscimonit-25-7908){ref-type="fig"}.

Discussion
==========

With the development of cryopreservation medical technology, the technology of cryopreservation of cells and single tissue has been quite mature in recent studies \[[@b16-medscimonit-25-7908]\]. However, the preservation of more complex large-sized composite tissues is still in the experimental exploration stage. Cui et al. in a preliminary study of cryopreservation of composite tissue in rabbits, showed that there was a healthy flap color and hair growth until the 63rd day of transplantation when the rabbit was cryopreserved with vascular flap in the abdomen \[[@b17-medscimonit-25-7908]\]. Their results demonstrated that long term survival of cryopreserved composite tissue transplants is possible. Wang Zheng-tao et al. reported a case of replantation of severed fingers in a patient who had been cryopreserved for 81 days \[[@b18-medscimonit-25-7908]\]. Although these studies show that the composite tissue is likely to survive after long-term cryopreservation and replantation, the aforementioned studies are all sporadic cases; the vitrification cryopreservation method for large composite tissues has not been clearly established, and stable rewarming survival cannot be obtained \[[@b19-medscimonit-25-7908]\]. The reason might be that the composite tissue has a thick texture and a complicated structure, and the cryoprotectant cannot smoothly reach around the composite tissue cells and complete vitrification. During freezing and rewarming, the tissue cells form ice crystals that cause irreversible damage to the tissue \[[@b20-medscimonit-25-7908]\].

DMSO has high permeability, good thermal stability, and is miscible with water, which is commonly used in cryoprotectant. It has low relative molecular weight and can be combined with water at any ratio to efficiently infiltrate into the cell, and the formation of ice crystals can be effectively controlled \[[@b21-medscimonit-25-7908]\]. When the concentration of DMSO in the biological tissue reaches 10% v/v, cell vitrification can be completed, and cells can be protected from deep low-temperature damage \[[@b22-medscimonit-25-7908]\]. In our study, rabbit hind-limbs were used as a large composite tissue research model, and the cryoprotectant DMSO was used as the target test substance. The model was studied by immersion and vascular perfusion at the current commonly used DMSO concentration, and the microdialysis-ice point osmometer was passed. NMR spectroscopy was used to detect the concentration of DMSO in local tissues, and to determine the introduction effect of cryoprotectant. The results of this study showed that: 1) the concentration of DMSO in the muscle tissue of the model of perfusion group entered the plateau after a certain period of perfusion, and the increase of DMSO concentration in the muscle tissue continued to be slowed down. Considering that the isolated tissue should minimize the warm ischemia time, the target tissue should reach 10% v/v DMSO concentration before the plateau or plateau. 2) Microdialysis continuously samples the A1 and A2 models on the time axis. It is found that the A1 group enters the plateau period for about 30 minutes, while the A2 group takes about 20 minutes, indicating that increasing the DMSO perfusion concentration can shorten the time to enter the plateau. In turn, the perfusion time is shortened; however, if the perfused DMSO concentration is too high, the vascular endothelium is damaged, which has a devastating effect on re-implantation after rewarming \[[@b23-medscimonit-25-7908],[@b24-medscimonit-25-7908]\]. Studies have shown that in order to maintain the cell activity of tissue engineered dermal tissue above 60%, the soaking concentration of the DMSO solution as a protective agent should be less than 20% v/v. Therefore, the highest DMSO concentration selected for transvascular perfusion in this study was 20% v/v. 3) After perfusion of 10% v/v DMSO for 30 minutes, the concentration of DMSO in the muscle tissue of group A1 was stable at about 5% v/v, but the concentration could not meet the vitrification of tissue cells, so the conventional 10% v/v concentration DMSO perfusion is ineffective for deep cryopreservation of large composite tissues; DMSO concentration in muscle tissue of the A2 group is stable at around 12% v/v, which can ensure the vitrification of muscle tissue. 4) The area under the peak of the B1 group and the concentration at 30 minutes in the A1 group and the area under the peak in the B2 group correspond to the concentration in the A2 group at 20 minutes. The area under the peak of the nuclear magnetic resonance spectrum is positive with the target concentration. According to the principle of the ratio, the concentration values of the B and C groups can be calculated in equal proportions. The subcutaneous concentrations of the B1 and B2 groups did not reach 10% v/v. Therefore, it was considered that the simple perfusion method could not achieve the vitrification concentration of the subcutaneous tissue in the large composite tissue. 5) The muscles and blood vessels around the C group were not detected. The DMSO peak is detectable only in the subcutaneous tissue. This might be due to the skin barrier and the thick composite tissue texture. The protective agent cannot penetrate in a short time, but even the highest concentration of the C1 group is converted to the subcutaneous tissue. Still it did not reach the target concentration of 10% v/v, indicating that the simple immersion method cannot effectively vitrify the bulk composite structure, which explains the reasons for the failure of many simple protective agent soaking experiments.

Conclusions
===========

At present, the formulation and introduction method of large-sized composite tissue cryoprotectant are still inconclusive. This study showed that DMSO cannot effectively vitrify the rabbit hind-limb model by arterial perfusion or whole immersion, and the effective combination of both is needed to solve this problem. The final method of the puzzle requires further research.

Limitation
----------

Although the skin of rabbits is similar to human skin, the large tissue of rabbit skin is still different from human tissue. In the whole soaking group of the experiment, the concentration of DMSO in different parts of rabbit bulk tissue was lower than that of the 20% v/v perfusion group, even under the condition of 50% v/v DMSO. When DMSO reaches 50% perfusion, it is damaging to rabbit tissues. For this reason, we did not conduct further studies on the overall concentration of DMSO in higher concentrations.
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![Magnetic resonance spectroscopy detection the different parts of dimethyl sulfoxide concentrations in the target model. (**A**) Muscle tissues; (**B**) Subcutaneous tissues. F -- frontal position; L -- lateral position; A -- axial position.](medscimonit-25-7908-g001){#f1-medscimonit-25-7908}
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